2013). Balanced transcription of cell division genes in Bacillus subtilis as revealed by single cell analysis. Environmental Microbiology, 15(12), 3196-3209. Summary Cell division in bacteria is carried out by a set of conserved proteins that all have to function at the correct place and time. A cell cycle-dependent transcriptional programme drives cell division in bacteria such as Caulobacter crescentus. Whether such a programme exists in the Gram-positive model organism Bacillus subtilis is unknown. Here, we investigate the role of gene transcription as a potential regulatory mechanism for control of division in B. subtilis. Transcriptional GFP fusions in combination with flow cytometry demonstrated a constitutive promoter activity, independent of growth rate, of nine tested cell division genes. These measurements were verified by quantitative real-time reverse-transcription PCR (qrtPCR). Time-lapse fluorescence microscopy was performed on a set of selected reporter strains to test transcriptional regulation during the cell cycle. Interestingly, although the average fluorescence remained constant during cell-cycle progression, individual cells demonstrated a roughly twofold higher promoter activity at the end of the cell cycle. This cell cycledependent increased promoter activity can be partly explained by the doubled promoter copy number after DNA replication. Our results indicate that the transcriptional activity of promoters for cell division genes remains constant regardless of growth rate and cellcycle state, suggesting that regulation of cell division in B. subtilis predominantly takes place at the posttranslational level.
Introduction
Cell division in bacteria is a dynamic event during which one cell divides into two. In Gram-positive bacteria, a physical barrier, the septum, is constructed at mid-cell across the diameter of the cell, to divide it in two compartments. Subsequently, the septum splits, thereby freeing the two cells. During division, different processes have to take place in a specific order; elongation of the cell, establishment of a division site at mid-cell, further elongation, constriction and septum formation, and finally separation. These different stages of division require the activity of many cell division proteins (CDPs). These CDPs form large protein complexes at mid-cell that drive cell division, collectively known as the divisome (Adams and Errington, 2009) . A hierarchical two-step assembly of the divisome has been reported for the Gram-positive model organism Bacillus subtilis. During early division, FtsZ assembles into the Z-ring at mid-cell assisted by FtsA, ZapA and EzrA. At a later stage, a second group of CDPs including GpsB, FtsL, DivIB, FtsW, PBP2B (pbpB), PBP1 (ponA) and DivIVA localize at mid-cell to complete the divisome (Gamba et al., 2009) . Several of these second stage proteins, FtsL, DivIB, DivIC and PBP2B, are recruited cooperatively to the divisome; one missing CDP in this second stage of divisome assembly destabilizes interactions between all the other CDPs, stalling division (Errington et al., 2003) . So, in order for division to proceed correctly, the CDPs have to become active at the correct place and time.
The positioning of Z-ring formation at exactly mid-cell is ensured by the combined effort of the Min-system, nucleoid occlusion and a potential third, as yet unknown, mechanism (Wu and Errington, 2004; Dajkovic et al., 2008; Rodrigues and Harry, 2012) . The Min-system is a cell pole associated inhibitor of FstZ polymerization that prevents initiation of a second round of division at a newly formed cell pole (Gregory et al., 2008) . In nucleoid occlusion, the non-specific DNA-binding protein Noc associates with the replicating nucleoid and inhibits FtsZ polymerization (Wu and Errington, 2004) . During segregation of the sister nucleoids to the two cell halves, the concentration of Noc at mid-cell is reduced, thus leaving space for Z-ring assembly (Hariharan et al., 1982; Moriya et al., 2010) . The balance between polymerized and non-polymerized FtsZ seems to be maintained through ClpX, but in B. subtilis this seems to be through destabilization of FtsZ polymers without degradation of FtsZ (Weart et al., 2005) , whereas in Escherichia coli the mechanism is through proteolysis of polymeric FtsZ by ClpXP (Camberg et al., 2009) .
Another important factor that controls Z-ring formation is nutrient availability. Bacillus subtilis cells maintain a constant ratio of cell length per Z-ring (L/R) regardless of growth rate; the proportion of cells with Z-rings varies inversely with doubling time, ranging from 85% in LB to 50% in minimal sorbitol medium at mid-exponential growth phase (Weart et al., 2007; Chien et al., 2012) . The L/R ratio remains constant because cells are significantly longer in rich medium compared with poor medium, while the diameter of the cells remains constant. The metabolic state of the cell provides a cue for Z-ring formation and subsequent division. Bacillus subtilis does this via the glycolipid biosynthetic pathway; PgcA and GtaB transmit carbon availability to the effector UgtP that inhibits Z-ring formation until the cell reaches a critical mass for division to commence (Weart et al., 2007) . The cell length increases with growth rate to facilitate multi-fork DNA replication, in order to speed up the cell-replication process (Sargent, 1975; Sharpe et al., 1998) .
Even before Z-ring formation and other division processes can take place, critical amounts of CDPs have to be present in the cell. FtsZ can only assemble into a ring and facilitate divisome formation when present above a certain concentration. In steady-state conditions, already a small reduction in FtsZ expression leads to a transient delay in division in E. coli (Rueda et al., 2003; Weart and Levin, 2003) . For E. coli, it was found that ftsZ expression oscillates during the cell cycle with a peak at the onset of chromosomal replication (Garrido et al., 1993) . The peak in expression of ftsZ before the start of division strongly suggests regulation of the start of division by transcription. However, the expression of genes encoding other (late stage) CDPs during the cell cycle was not studied. For B. subtilis, oscillating ftsZ expression during the cell cycle has never been described, but it was found that ftsZ expression is three to fourfold higher when this bacterium enters the developmental process of sporulation in which the cell divides asymmetrically to produce an endospore at one end of the cell pole. This burst in expression is not critical for sporulation, although it does increase sporulation efficiency (Gonzy-Treboul et al., 1992) . Despite the apparent transcriptional cell-cycle regulation in E. coli, other work describes constant protein levels of FtsZ at a range of growth rates in both E. coli and B. subtilis and fluctuating protein levels of FtsZ during the cell cycle could not be found for these two model organisms (Weart and Levin, 2003) . On a population level, analysis of transcriptomes by RNA tiling has shown a balanced expression of cell division genes in B. subtilis when cultured in a wide range of growth media and when exposed to stress such as temperature shifts, ethanol and various drugs. Cell division genes were shown to belong to the SigA promoter cluster that displays low variance in activity, ensuring stable transcription of genes that encode proteins with essential functions (Nicolas et al., 2012) . Still, the response of transcription of cell division genes to different growth rates (e.g. pace of division) was not studied.
Cell-cycle regulation of FtsZ protein levels as well as ftsZ transcription does occur in the differentiating bacterium Caulobacter crescentus. During division, a mature stalked cell releases a motile progeny swarmer cell that is temporarily inhibited for replication. Swarmer cells inherit high levels of the cell-cycle controller protein CtrA that inhibits ftsZ transcription, while the levels of inherited FtsZ protein are decreased due to proteolysis (Quardokus et al., 1996; Kelly et al., 1998) . After the inherited levels of CrtA decrease, the transcription of ftsZ commences and the swarmer cell matures into a stalked cell that is able to divide.
Because of the observed differences in transcriptional regulation of CDPs in various bacteria, we were interested to study the transcriptional response of cell division genes to various growth rates in B. subtilis. We also wondered how transcription of cell division genes is organized during the cell cycle. Can transcription be the underlying process that speeds up or slows down division and can transcription regulate cell-cycle progression? To test this, we created transcriptional fusions to the promoter regions of nine cell division genes (comprising both early and late CDP) and monitored their transcriptional response to changes in growth rate by flow cytometry. In a complimentary approach, the transcriptional response of cell division genes to growth rate was analysed at the mRNA level by rtPCR. The expression of cell division genes was also followed during the cell cycle using automated fluorescence time-lapse microscopy. Our findings demonstrate that, in general, cell division genes in B. subtilis are stably transcribed independent of growth rate and cell cycle.
Results and discussion

Experimental strategy
The aim of this work was to study the transcription of genes coding for CDPs, both at the population and single cell level at different growth rates, and at the single cell level during the cell cycle. To do so, we constructed a set of promoter-region fusions to gfp (Fig. 1, Table 1 ). These Transcription of cell division genes in B. subtilis 3197 promoter-gfp fusions were integrated at the amyE locus, which provides a stable genetic environment that allows growth of the strains for analysis in the absence of antibiotics without the risk of loss of the fusion through recombination, which is especially important during single cell analysis by time-lapse microscopy. As a positive control a fusion to the rrnB promoter was included, as transcription from this promoter is strongly correlated to growth rate, while the constitutive veg promoter served as a control for unregulated expression (Krasny and Gourse, 2004) . To make sure that the read-out from amyE reflected correct promoter activity, we also generated a subset of promoter fusions at the original locus with the pBaSysBioII transcriptional fusion integration vector (Botella et al., 2010) , again including the rrnB promoter as a control (Fig. 1) . Populations growing at different rates were sampled at mid-exponential phase for each growth medium, when the greatest percentage of the culture undergoes division, and analysed by flow cytometry to determine promoter activity. Bacillus subtilis 168 1A700 was used as a host strain because this strain grows mainly as motile single cells, not chains, and therefore can be used for flow cytometry (Veening et al., 2006) . To verify the flow cytometry results by an independent technique, the transcription of genes coding for CDPs was also monitored at different growth rates by quantitative real-time reversetranscription PCR (qrtPCR). For a valid comparison between populations cultured at different growth rates in different media the moment of sampling is critical; all cultures have to be sampled at the mid-exponential growth-phase. For this matching, we determined the specific mid-exponential growth-phases for cultures grown in all used media, and sampled at those moments. Finally, promoter activity in the amyE promoter-gfp fusion strains was monitored using time-lapse microscopy on growing microcolonies, which allowed the study of promoter activity in single cells during the cell cycle from birth of the cell to division.
Transcription of genes encoding cell division proteins is not strongly influenced by growth rate
The promoter-gfp fusions at amyE allow promoter activity to be monitored by the production of intracellular GFP. The reporter strains were cultured in three defined media with equal incubation temperature and aeration, and the differences in media composition resulted in three different doubling times (K) [K = 0.5, 1.0 and 2.0 mass doublings per hour (md h −1 )]. Culturing in LB provided for a fast growth rate (K = 2.0 md h −1 ), culturing in adapted competence media provided for the medium and slow growth rates (K = 1.0 and 0.5 respectively) (see Experimental procedures: strains, media and growth conditions). Cells were sampled at mid-exponential phase and production of GFP was determined by flow cytometry for gfp fusions to the promoters of ftsZ, ftsA, zapA, ftsW, noc, ezrA, minCD, dnaA and rrnB. Promoter activities were normalized at a growth rate of 0.5 md h −1 . The activity of the rrnB promoter clearly increased with growth rate, as reported earlier (Krasny and Gourse, 2004) ( Fig. 2A ). The activity of promoters for genes that are directly involved in cell division (ftsZ, ftsA, zapA, ftsW) was found to be almost equal at all growth rates. The activity of the promoter for minC (which is encoded in an operon with mreBCD and minD (Lee and Price, 1993) , slightly increased with growth rate, as did the activity of the dnaA promoter. However, this increase in promoter activity was never more than the twice the activity measured at the low growth rate of 0.5 md h −1 .
Stable integration of the promoter-gfp constructs at amyE allows the study of strains over long time intervals in the absence of antibiotics, but includes the risk that the influence of nearby genetic elements on the promoter activity is missed. To verify the results from the amyE integration strains, a subset of promoter-gfp fusions was created at the original locus. In addition, we extended our native locus promoter library with promoters of genes encoding the regulatory CDP DivIVA and the late CDP FtsL. These fusions were created using the BaSysBioII A. The entire promoter region of the ftsAZ operon + the ftsA gene including a stop codon was taken as the ftsZ promoter and placed before gfp followed by a double terminator. This construct was integrated at the amyE region by a double-cross-over event. B. The promoter region of the ftsAZ operon was taken as the ftsA promoter and placed before gfp followed by a double terminator. Also, this construct was integrated at the amyE region by a double-cross-over event. C. The promoter region of the ftsAZ operon was taken as the ftsA promoter and placed before gfp followed by a single terminator. By a single-cross-over event this construct was integrated as a copy next to the original gene.
vector that integrates as a copy next to the original locus in the B. subtilis chromosome by a single-cross-over event (Botella et al., 2010) . The resulting strains were grown identically to the amyE integration strains and the activity of the promoters for ftsA, ftsW, ftsL, divIVA and rrnB were determined by flow cytometry. This selected group is representative for the cell division machinery since it is comprised of genes that encode early-, mid-and late-stage CDPs. Again, activity from the rrnB promoter increased with growth rate, whereas the activity of the promoters for cell division genes hardly varied (Fig. 2B ). This result confirms that the measurements from the amyE locus provide a valid indication of the activities of promoters for cell division genes.
The forward scatter value, as measured during flow cytometry, provides an indication of the size of the cells in the population. As expected, cell size increased with higher growth rates (not shown) (Weart et al., 2007) . It is known that the diameter of B. subtilis cells remains constant at different growth rates (Sharpe et al., 1998) . Our data on the transcriptional activity of promoters for cell division genes suggests that B. subtilis needs a stable amount of CDPs at all growth rates. Indeed, equal amounts of FtsZ have been reported in both B. subtilis and E. coli cultured at different growth rates (Weart and Levin, 2003) . The transcription of genes encoding proteins that are directly involved in division does not have to increase with growth rate, because the diameter of the cell, across which division takes place, remains constant while cell length increases. In contrast, regulatory proteins for cell division can be required in larger numbers when a cell is growing faster because cells are longer. To restrict the position of Z-ring formation at mid-cell, more MinC and MinD may be necessary, since the area in which Z-ring formation needs to be blocked is larger. In summary, the data from the promoter-gfp fusions indicate that the transcription of cell division genes in a bacterial population is constant over different growth rates. Transcription of the mreB-mreC-mreD-minC-minD operon, which contains the genes coding for the MinC/D division site selection system, appears slightly upregulated at higher growth rates. This was also observed for dnaA.
Transcription of cell division genes monitored by qrtPCR
To verify the results from the promoter fusion experiments the transcription of several cell division genes was monitored by an independent method: qrtPCR. Bacillus subtilis 168 1A700 was grown at three different growth rates, exactly as described for the transcriptional fusion experiments, and at mid-exponential growth phase, total RNA was isolated. The RNA was used to generate complementary DNA (cDNA) to serve as a template for the qrtPCR. Equal amounts of cDNA were used as input material for the qrtPCR. The ratios of cell division gene transcripts (ftsZ, ftsA, zapA, ftsW, minC, dnaA, divIVA, ezrA and noc) relative to their transcript level at the slowest growth rate were calculated, as well as the transcript level compared with a housekeeping gene (veg) at the different growth rates. The housekeeping gene veg was selected as this gene is constitutively transcribed during vegetative growth (Krasny and Gourse, 2004) . As seen with the previous analysis, the amount of rrnB transcripts increases strongly with an increase in growth rate (Fig. 3A) . Again the expression level of minC was found to slightly increase, but not as strongly as rrnB16s (Fig. 3A) . The other tested cell division genes displayed hardly any variation with growth rate (Fig. 3A) , similar to the results obtained with the transcriptional fusions. Comparing the amount of transcripts relative to those of the housekeeper gene veg that is strongly and constitutively transcribed in cells growing in a variety of media (Fukushima et al., 2003; Nicolas et al., 2012) , ftsA and ftsZ were found to be almost equal and most abundant ( Fig. 3B ). Indeed, FtsZ and FtsA 
. The reports come from transcriptional fusions to gfp integrated at the amyE locus. Total GFP fluorescence per cell was taken as a measure for transcription. By flow cytometry, 50.000 cells were measured; resulting in a normal distribution of which the peak-values were taken to calculate transcription as described in the Experimental procedures. The transcription values for the slow growth rate are set to 1. B. Normalized expression of gfp transcriptional fusions under the control of regulatory regions of various cell division genes and of rrnB16s (+) at different growth rates (slow ≈ 0.5 md h −1 , medium ≈ 1.0 md h −1 , fast ≈ 2.0 md h −1 ). The reports come from transcriptional fusions to gfp integrated as a copy next to the original gene. Data were collected as in (A). protein copy numbers are relatively high in B. subtilis, estimated at 5000 and 1000 respectively (Feucht et al., 2001) . Also, relatively large amounts of transcripts were found for minC. As MinC binds to FtsZ in a 1:1 ratio (Okuno et al., 2009) and MinC has to cover both poles of the cell, a similar number of MinC and FtsZ transcripts makes sense. Fewer transcripts were found for dnaA, divIVA, ezrA and noc and very little zapA and ftsW transcripts were present. It appears likely that either the proteins that are encoded by these genes are only required in small numbers or the mRNAs are very stable and/or efficiently translated.
Cell cycle-dependent increase in promoter activity ensures constant CDP concentrations
The results above show that transcription of the genes coding for CDPs is not significantly affected by the growth rate (Figs 1-3) . However, these experiments do not exclude the possibility that there is cell cycle-dependent transcription. For example, using synchronized cultures, it was suggested that transcription of ftsZ of E. coli oscillates during the cell cycle by two proximal promoters (Garrido et al., 1993) and it is well documented that C. crescentus ftsZ is transcribed in a cell cycle-dependent manner Quardokus et al., 2001) . To examine whether transcription of ftsZ shows cell cycledependent oscillations, we turned to automated live cell time-lapse fluorescence microscopy. With this technique, cells are grown directly under a microscope and phase contrast and GFP fluorescence images are taken at intervals and movies can be generated and analysed (de Jong et al., 2011) . As shown in Fig. 4A and Movie S1, a few cells grow out and divide, and within 12 h form small monolayered microcolonies consisting of a couple of hundred cells. In the case of the PftsZ-gfp reporter strain, a clear increase in average population fluorescence can be observed after approximately 600 min of growth, coinciding with the onset of sporulation (Fig. 4B) . As PftsZ contains a second, sporulation-dependent, promoter (Gonzy-Treboul et al., 1992) , this further highlights the strength of this technique. To assess whether transcription of ftsZ shows any cell cycle-dependent expression pattern, we first had to examine whether the B. subtilis cell-cycle progresses linearly or exponentially in time relative to the cell length. To do so, we collected more than 900 data points of exponentially growing B. subtilis cells and plotted cell length as a function of the cell-cycle progression in time (see Experimental procedures). Interestingly, the data points are much a better fit to an exponential curve than to a line ( Fig. S1 ; R 2 = 0.997 versus 0.982 respectively), indicating that, as cells progress in the cell cycle, they more rapidly increase in cell length. Interestingly, this also holds true for E. coli (Wang et al., 2010) suggesting that rod-shaped cells that can also elongate along the periphery of the cell have an exponential mode of cell length growth as was shown previously using more invasive techniques that require cell fixation such as transmission electron microscopy (Hariharan et al., 1982; Burdett et al., 1986; Kirkwood and Burdett, 1988; Koch, 1993) . These results indicate that cell-cycle progression in B. subtilis can best be plotted as a function of cell length (Fig. S1 ).
Having established a robust way to categorize cells into their correct cell-cycle progression state ( Fig. S1 and Experimental procedures), we collected data from three independent movies of the PftsZ-gfp strain. Only exponentially growing cells were taken into account (generally cells between approximately 250 and 500 min after the start of the experiment). Plotting all data points as cell length versus cell-cycle progression (as a function of cell length) showed a straight line, both for the B. subtilis PftsZ-gfp data set and for a large E. coli data set for an inducible, non-cell-cycle-regulated promoter (Stewart et al., 2005) , again verifying that our mathematical routine to analyse single cells from movies is robust ( Fig. S2A  and B ). Plotting the average GFP fluorescence (mean of the fluorescence level per pixel) from the ftsZ promoter as a function of cell-cycle progression showed a straight line (Fig. 5A ). This indicates that the concentration of GFP protein, and by inference FtsZ protein, does not fluctuate during the cell cycle. Doing the same analysis on a movie of a late cell division reporter, PftsW-gfp, showed the same result indicating the absence of a cell cycledependent manner of transcriptional regulation (Fig. 5C ). We have shown previously that the sda gene is cell cycle regulated via transcriptional activation of DnaA . Analysing a movie of a strain carrying a Psda-GFP fusion showed that the concentration of GFP fluctuates as a function of the cell cycle, as expected ( Fig. 5E ).
While average GFP levels are a good indication for the concentration of the protein, it does not provide direct information for the promoter activity (Rosenfeld et al., 2005; Zaslaver et al., 2009) . Therefore, we plotted the normalized promoter activity of PftsZ-gfp as a func-tion of cell-cycle progression. As shown in Fig. 5C , ftsZ promoter activity gradually increases with increasing cellcycle progression. At the end of the cell cycle, ftsZ promoter activity is roughly twofold higher than at the beginning of the cell cycle, while this is not the case for the cell cycle-dependent sda promoter which is already high at the beginning of the cell cycle (Fig. 5F ). The trend of higher promoter activity at the end of the cell cycle also holds true for the ftsW promoter but to a lesser extent than for PftsZ (Fig. 5D ). This might be because less data points were available for this strain compared with the PftsZ strain.
To examine whether increased promoter activity is a general phenomenon for constitutive promoters, we analysed a large E. coli data set of cells harbouring a yfp fusion driven by the IPTG inducible P LlacO1 promoter fully induced with 1 mM IPTG (Stewart et al., 2005) using our image analysis algorithms. As shown in Fig. S2C , this E. coli promoter is solely controlled by inducer level, and the concentration of YFP is constant regardless of the cell-cycle state. Importantly, PLlacO1 promoter activity is also approximately twofold higher at the end of the cell cycle than at cell birth (Fig. S2D) .
Besides the presence of a greater number of RNA polymerases and ribosomes within a cell at the end of its cell cycle, a likely explanation for the enhanced promoter activity is the increase in chromosome copy number, as suggested previously (Elowitz et al., 2002) . After DNAreplication but before cell division, cells at the end of the cell cycle contain twice as many promoters as at the beginning of the cell cycle. Thus, in the absence of any cell-cycle control (i.e. in the case of constitutive promoters), promoter activity is twice as high at the end of the cell cycle compared with the beginning.
Concluding remarks
In this report, we show that the transcription of cell division genes in B. subtilis is not regulated by growth rate both on a population and on a single cell level, and not cell cycle regulated on the single cell level. Stable transcription of cell division genes independent of growth rate ensures constant translation and a fixed amount of CDPs per cell. The cell length of a rapidly growing B. subtilis cell can be twice that of a slower counterpart, but its diameter is fixed (Sharpe et al., 1998; Weart and Levin, 2003) , so the amount of CDPs required to from a single septum does not have to change when the cell increases its size.
By balancing its numbers of CDPs, B. subtilis demonstrates efficient division; it produces the critical amounts of proteins needed for this process, not more. Studies in which mild overexpression of an inhibitor or absence of a stabilizer of the divisome can be counteracted by mild overexpression or a gain of function mutation in another divisome component also point to a minimal amount of each CDP being produced (Dai and Lutkenhaus, 1992; Gueiros-Filho and Losick, 2002; Geissler et al., 2003; Kawai and Ogasawara, 2006) . Constant transcription, which we confirmed with quantitative rtPCR could be followed by constant translation. The transcriptional fusion strains provide evidence for this as this technique measures both transcription and translation of GFP. The levels of GFP remain fairly constant over various growth rates in the transcriptional fusion strains for genes encoding CDPs. Other studies also demonstrated equal levels of the main CDP, FtsZ, in E. coli and B. subtilis across a wide range of growth rates (Weart and Levin, 2003) . Furthermore, on a population level, within the transcriptomes of B. subtilis cultured at a wide range of growth-conditions, the amounts of transcripts for cell division genes remain constant. Medium composition, temperature and stress hardly influence their quantities, highlighting the importance of a balanced transcription for these genes that encode for proteins with an essential function (Nicolas et al., 2012) .
Since the levels of mRNA and CDPs remain unchanged at various growth rates, other factors must dictate the pace of division. A richer medium allows for faster growth and rapid metabolism. Substrate and energy for building the septum may be more abundant and more readily available. In B. subtilis the metabolic sensor UgtP couples carbon availability to cell division by inhibiting the formation of the Z-ring until the cell reaches a critical mass (Weart et al., 2007) . Such a mechanism, combined with concentration gradients of division inhibitors such as Min and Noc, would indeed be sufficient to activate a pool of CDPs already present, to perform a round of division. Interestingly, the transcription of genes encoding the cell division regulatory proteins MinCD is increasing slightly with growth rate, as measured by levels of GFP ( Fig. 2A) . Because of the increase in cell length, B. subtilis could need a higher amount of negative regulators to prevent the formation of a division site at the wrong place. Negative regulators are also required to prevent the dilution of the pool of FtsZ so that functional rings can be formed at every potential division site -Z-ring frequency is greatly decreased in a min/noc double knockout (Wu and Errington, 2004; Rodrigues and Harry, 2012) . Also, MinC prevents formation of a second Z-ring right after division at the new cell pole (Gregory et al., 2008) . With new-born cells being significantly larger at a fast growth rate there may be a need for a higher concentration of MinC to counteract the formation of Z-rings immediately after division. In addition, the expression of minCD is regulated by the same promoter as that for mreBCD, genes that play a role in cell wall synthesis during elongation (Typas et al., 2011) . Upregulation of mreBCD could be essential for the increase in cell length at high growth rates. The molecular mechanism driving the potential growth rate-dependent transcription of the mreBCD-minCD operon remains elusive.
Our single cell experiments confirmed that ftsZ expression is upregulated during sporulation and shows that regulatory events can be identified with the methods we used. The finding that the transcription of cell division genes in B. subtilis is balanced both at different growth rates at a population level and throughout the cell cycle on the single cell level, resulting in constant quantities of cell division protein, strongly suggests cell division is regulated by other factors that do fluctuate and that can better pace division like the metabolic state and substrate availability. Because of their stable quantities, CDPs can respond more rapidly and in a tightly organized fashion to these fluctuating factors, resulting in intricate interplay and specific activity that determines the cell-cycle progression.
Experimental procedures
Strains, media and growth conditions
Bacterial strains are listed in Table 1 . Bacillus subtilis 168 1A700 cells were grown with various doubling times in adapted Bacillus competence medium (CM) for slow (K = 0.5 md h −1 ) and medium growth rates (K = 1.0 md h −1 ) and in Luria-Bertani broth (LB) for a fast growth rate (K = 2.0 md h −1 ). Adapted CM for slow growth is Spizizen's salt medium (SSM) containing glucose (0.1% w/v), tryptophan (0.2 mg ml −1 ), MgSO4 (3 mM) and FeNH4 citrate (5.5 * 10 −5 % w/v) (Spizizen, 1958) . Adapted CM for medium growth is SSM containing glucose (1.0% w/v), tryptophan (0.4 mg ml −1 ), casamino acids (0.2% w/v), MgSO4 (3 mM) and FeNH4 citrate (11.0 * 10 −5 % w/v). When required, spectinomycin (50 μg ml −1 ) and chloramphenicol (5 μg ml −1 ) was added. During culture for analysis, no antibiotics were added to ensure normal ribosomal activity. Overnight cultures were diluted to an optical density of 0.02 at 600 nm (OD600) in the adapted competence medium or to 0.05 in LB. The cells were incubated at 37°C with shaking and grown until midexponential growth phase (OD600 ≈ 0.15-0.4) for sampling.
Construction of amyE integration plasmids
To construct plasmid pGFP_ssrA-ftsA, a PCR using primers ftsA-F + EcoRI and ftsA-R + NheI was performed, using chromosomal DNA of B. subtilis 168 as a template. The amplified fragment was subsequently cleaved with EcoRI and NheI and ligated into the corresponding sites of pGFP_ssrA , resulting in plasmid pGFP_ssrA-ftsA. To construct plasmid pGFP-ftsA, carrying the B. subtilis ftsA promoter region and a strong RBS fused with gfp+ (F64L, S65T, F99S, M153T, V163A (Scholz et al., 2000; Zellmeier et al., 2006) , flanked by amyE regions, a PCR with the primers gfp-R + FseI and ter-F + FseI was performed, using plasmid pGFP_ssrA-ftsA as a template. Next the template was digested with DpnI and the amplified fragment was subsequently cleaved with FseI and self-ligated resulting in plasmid pGFP-ftsA.
To construct plasmid pGFP_ssrA-ftsZ, a PCR using primers ftsA_stop-F + NheI and ftsA_stop-R + NheI was performed, using chromosomal DNA of B. subtilis 168 as a template. The amplified fragment was subsequently cleaved with NheI and ligated into the corresponding site of pGFP_ssrA-ftsA, resulting in plasmid pGFP_ssrA-ftsZ. Note that the forward primer introduces a stop codon directly after the ATG-start codon of ftsA and introduces a frameshift ensuring that there is only a single functional copy of ftsA present in the genome, when integrated at amyE. To construct plasmid pGFP-ftsZ, carrying the B. subtilis ftsA promoter region, a non-functional ftsA gene, and the intergenic region between ftsA and ftsZ (together here called PftsZ), fused to gfp+, flanked by amyE regions, a PCR with the primers gfp-R + FseI and ter-F + FseI was performed, using plasmid pGFP_ssrA-ftsZ as a template. Next the template was digested with DpnI and the amplified fragment was subsequently cleaved with FseI and self-ligated resulting in plasmid pGFP-ftsZ.
To construct plasmid pGFP_ssrA-zapA, a PCR using primers zapA-F + EcoRI and zapA-R + NheI was performed, using chromosomal DNA of B. subtilis 168 as a template. The amplified fragment was subsequently cleaved with EcoRI and NheI and ligated into the corresponding sites of pGFP_ssrA, resulting in plasmid pGFP_ssrA-zapA. To construct plasmid pGFP-zapA, carrying the B. subtilis zapA promoter region and a strong RBS fused with gfp+, flanked by amyE regions, a PCR with the primers gfp-R + FseI and ter-F + FseI was performed, using plasmid pGFP_ssrA-zapA as a template. Next the template was digested with DpnI and the amplified fragment was subsequently cleaved with FseI and selfligated resulting in plasmid pGFP-zapA.
To construct plasmid pGFP-ftsW, carrying the B. subtilis ftsW promoter region and a strong RBS fused with gfp+, a PCR with the primers ftsW-F + EcoRI and ftsW-R + NheI was performed, using chromosomal DNA of B. subtilis 168 as a template. The amplified fragment was subsequently cleaved with EcoRI and NheI and ligated into the corresponding sites of pJWV017 , resulting in plasmid pGFP-ftsW.
To construct plasmid pGFP_ssrA-noc, a PCR using primers noc-F + EcoRI and noc-R + NheI was performed, using chromosomal DNA of B. subtilis 168 as a template. The amplified fragment was subsequently cleaved with EcoRI and NheI and ligated into the corresponding sites of pGFP_ssrA, resulting in plasmid pGFP_ssrA-noc. To construct plasmid pGFP-noc, carrying the B. subtilis noc promoter region and a strong RBS fused with gfp+, flanked by amyE regions, a PCR with the primers gfp-R + FseI and ter-F + FseI was performed, using plasmid pGFP_ssrA-noc as a template. Next the template was digested with DpnI and the amplified fragment was subsequently cleaved with FseI and self-ligated resulting in plasmid pGFP-noc.
To construct plasmid pGFP_ssrA-minC, a PCR using primers minC-F + NotI and minC-R + NheI was performed, using chromosomal DNA of B. subtilis 168 as a template. The amplified fragment was subsequently cleaved with NotI and NheI and ligated into the corresponding sites of pGFP_ssrA, resulting in plasmid pGFP_ssrA-minC. To construct plasmid pGFP-minC, carrying the B. subtilis minCD promoter region and a strong RBS fused with gfp+, flanked by amyE regions, a PCR with the primers gfp-R + FseI and ter-F + FseI was performed, using plasmid pGFP_ssrA-minC as a template. Next the template was digested with DpnI and the amplified fragment was subsequently cleaved with FseI and selfligated resulting in plasmid pGFP-minC.
To construct plasmid pGFP_ssrA-dnaA, a PCR using primers dnaA-F + EcoRI and dnaA-R + NheI was performed was performed, using chromosomal DNA of B. subtilis 168 as a template. The amplified fragment was subsequently cleaved with EcoRI and NheI and ligated into the corresponding sites of pGFP_ssrA, resulting in plasmid pGFP_ssrA-dnaA. To construct plasmid pGFP-dnaA, carrying the B. subtilis dnaA promoter region and a strong RBS fused with gfp+, flanked by amyE regions, a PCR with the primers gfp-R + FseI and ter-F + FseI was performed, using plasmid pGFP_ssrA-dnaA as a template. Next the template was digested with DpnI and the amplified fragment was subsequently cleaved with FseI and self-ligated resulting in plasmid pGFP-dnaA.
All constructs were sequence verified.
Construction of amyE integrated B. subtilis strains
Bacillus subtilis strains A::P-gfp, A::PftsZ-gfp, A::PftsA-gfp, A::PzapA-gfp, A::PftsW-gfp, A::Pnoc-gfp, A::PminC-gfp, A::PdnaA-gfp and A::PrrnB-gfp were obtained by a doublecross-over recombination event between the amyE regions located on the pJWV017, pGFP-ftsZ, pGFP-ftsA, pGFP-zapA, pGFP-ftsW, pGFP-noc, pGFP-minC, pGFP-dnaA and pGFP-rrnB plasmids and the chromosomal amyE gene of strain 168 respectively . Transformants were selected on LB agar plates containing chloramphenicol (Cm) after overnight incubation at 37°C. Correct integration into the amyE gene was tested and confirmed by lack of amylase activity upon growth on plates containing 1% starch.
Construction of strains with a transcriptional fusion reporter at the original locus
The pBaSysBioII transcriptional fusion vector was used to construct the plasmids for transcriptional fusions that integrate as copies at the original locus (Botella et al., 2010) . This plasmid has a SmaI restriction site, flanked by ligase independent cloning (LIC) sites, upstream of gfp. After restriction by SmaI, promoter regions of interest can be cloned into this site by LIC to control the transcription of gfp. The promoter region of interest targets the integration of the pBaSysBioII transcriptional fusion vector into the B. subtilis chromosome as a copy next to the original promoter region by a singlecross-over event. The promoter regions of ftsA, divIVA, ftsW, yllB (ftsL operon) and rrnB16s were amplified by PCR, using chromosomal DNA from B. subtilis 168 as a template, with the appropriate primers listed in Table 2 . By primer-design, LIC-sites were added at the ends of the fragments. Also, strong identical ribosome binding sites (RBS) were placed between the 3′ ends of the promoter-regions and the 3′LIC site. For LIC, 0.2 pmol of each fragment was incubated with 2.5 mM dTTP and T4 DNA polymerase. The pBaSysBioII plasmid was linearized using SmaI, gel-purified, and treated with T4 DNA polymerase and 2.5 mM dATP. A mix of 5 ng prepared plasmid with 15 ng of prepared fragment was used to transform E. coli TG1, using standard techniques. Transformants were selected on LB plates containing spectinomycin (50 μg ml −1 ). Subsequently, these plasmids were isolated from E. coli TG1 and correctness of the inserts was verified by sequencing. The correct plasmids were introduced to a non-chaining B. subtilis 168 strain (1A700) (Veening et al., 2006) , using standard procedures (Anagnostopoulos and Spizizen, 1961) with selection for spectinomycin (50 μg ml −1 ). The integration of the vectors at the desired locus (as a copy next to the original) was verified by PCR using primers designed for a location upstream of the promoter region and for gfp on the vector (Table 2) .
Flow cytometry
The various promoter-reporter strains were cultured at the conditions as described above; for each strain, cells were obtained from cultures with slow (K = 0.5 md h −1 ), medium (K = 1.0 md h −1 ) and fast growth rate (K = 2.0 md h −1 ) at midexponential growth phase (OD600 ≈ 0.15-0.4). The cells were washed and diluted in cold, sterile PBS and measured immediately. Flow cytometry was performed with a FACSCANTO flow cytometer (BD Biosciences). Parameters that were measured are forward scatter (FSC), side scatter (SSC), GFP fluorescence (FL-1) and the ratio FL-1/FSC, 50.000 cells were measured. The flow cytometry data were analysed with the WinMDI 2.9 software. From the resulting normal 
Relevant restriction or LIC sites are underlined. distribution (of 50.000 measurements) the peak median values for total GFP per cell (Fl-1) were taken as a measure for transcription. These values were normalized to the average value for the slow growing culture (K = 0.5 md h −1 ) set to one.
Quantitative real-time reverse-transcription PCR
RNA was isolated from B. subtilis 168 1A700wt. This strain was cultured at the conditions as described above; cells were obtained from cultures with slow (K = 0.5 md h −1 ), medium (K = 1.0 md h −1 ) and fast growth rate (K = 2.0 md h −1 ) at midexponential growth phase (OD600 ≈ 0.15-0.4). The cells were disrupted with glass beads (Ø 0.25 mm) using the FP120 FastPrep shaker (ThermoSavant). Total RNA was isolated using TRIZOL reagent (Chomczynski and Sacchi, 1987) , and purified using the TURBO DNA-free KIT (Ambion). cDNA was prepared from 500 ng of this DNA-free RNA with the iSCRIPT cDNA synthesis kit (Bio-Rad). The cDNA was used as template for qrtPCR. For all qrtPCR reactions, equal amounts of cDNA were used. Primers were designed to have identical Tms of 57°C and to multiply 250 bp fragments from ftsA, ftsZ, minC, ftsW, divIVA, ezrA, noc, dnaA, veg and rrnB16s. qrtPCRs were performed in triplo for each gene and every growth condition with the SensiMix SYBR Hi-ROX kit (Bioline) in a Mini Opticon real-time PCR system (Bio-Rad). The quantities of mRNA from specific cell division genes were compared with the housekeeper veg per growth condition. These ratios were then compared between the different growth rates.
Time-lapse fluorescence microscopy
Cells were grown at 30°C in Spizizen minimal medium and inoculated onto a thin semi-solid agarose matrix based on a chemically defined medium and attached to a microscope slide as described (Veening et al., 2008) . Microscope slides were incubated on a temperature controlled automated Deltavision RT microscope (Applied Precision). Images were obtained up to 24 h with a CoolSNAP HQ2 (Princeton Instruments) at 63× or 100× magnification. Fluorescent and phasecontrast images were recorded at specified intervals, basically as described (de Jong et al., 2011) . To prevent phototoxicity, the excitation light (480-500 nm for GFP) was limited to 32% of the output of a 100 W Hg-vapour lamp by neutral density filters with an exposure time of 0.8 s. Emission wavelengths were 509-547 nm (GFP) (filters from Chroma). Microscopy images were prepared for publication using ImageJ (http://rsb.info.nih.gov/ij/) and CorelDRAW X3 (Corel Corporation).
Microscopy data analysis
Cells were automatically segmented and measured using custom BHV software (Stewart et al., 2005; de Jong et al., 2011) and information regarding cell length, width, fluorescence intensity, orientation, geographical location within the colony, and the complete lineage history of each cell was recorded. The software was supplemented for this paper with new Python routines to calculate promoter activity and to define cell-cycle progression. The Python code is available upon request.
Promoter activity
To calculate the specific promoter activity for each reporter at each cell-cycle progression category, we used an approach similar as pioneered by the Alon and Elowitz laboratories (Rosenfeld et al., 2005; . In brief, to measure the average GFP production rate between movie frames (promoter activity), we took the difference in total GFP level per cell between consecutive time points and divided that by their separating time interval (8 min). This approach assumes that the half-life or photobleaching of GFP is insignificant within the timescale of a cell's life and that GFP is only diluted by cell growth. Western blot analysis has shown a half-life of 1h for GFP in B. subtilis while the in vivo half-life or photobleaching properties of GFP under our imaging conditions were neglectable . Thus, the abovementioned approach is a valid one.
Cell-cycle progression
To determine the cell-cycle state (or cell-cycle progression) of each data point within a movie, only data from cells growing exponentially were taken into account for the analysis (typically data of cells between 250 and 550 min after start of the experiment, after cells have adapted and before cells enter sporulation). Since the birth and division of each cell in the data set is known, a cell's cell-cycle progression can be defined and binned in categories relative to the total time it took this cell to complete one full cell cycle (from birth to division, Fig. S1 ). For instance, the data of all newly born cells within the first 10% of their total cell-cycle progression time (the relative time it takes cells to divide again) are plotted in the 10% category in Fig. S1 , and all cells between 10% and 20% of their cell-cycle progression are plotted as the 20% category. Since B. subtilis shows an exponential increase in cell length progression during its cell cycle, we plotted cellcycle progression as a function of cell length (Fig. S1 ). For every GFP-reporter movie, the binned cell-cycle progression data set can be plotted against mean fluorescence (which reflects CDP concentration), the total fluorescence (which reflects total CDP levels) or the promoter activity (reflecting transcription of CDPs).
